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ABSTRACT
The first neutron star-neutron star (NS-NS) merger was discovered on August 17, 2017 through gravitational waves (GW170817)
and followed with electromagnetic observations (Abbott et al. 2017). This merger was detected in an old elliptical galaxy with no
recent star formation (Blanchard et al. 2017; Troja et al. 2017). We perform a suite of numerical calculations to understand the
formation mechanism of this merger. We probe three leading formation mechanisms of double compact objects: classical isolated
binary star evolution, dynamical evolution in globular clusters and nuclear cluster formation to test whether they are likely to produce
NS-NS mergers in old host galaxies. Our simulations with optimistic assumptions show current NS-NS merger rates at the level of
10−2 yr−1 from binary stars, 5 × 10−5 yr−1 from globular clusters and 10−5 yr−1 from nuclear clusters for all local elliptical galaxies
(within 100 Mpc3). These models are thus in tension with the detection of GW170817 with an observed rate 1.5+3.2−1.2 yr
−1 (per 100
Mpc3; LIGO/Virgo 90% credible limits). Our results imply that either (i) the detection of GW170817 by LIGO/Virgo at their current
sensitivity in an elliptical galaxy is a statistical coincidence; or that (ii) physics in at least one of our three models is incomplete in the
context of the evolution of stars that can form NS-NS mergers; or that (iii) another very efficient (unknown) formation channel with a
long delay time between star formation and merger is at play.
Key words. Stars: massive – Neutron-star physics – Gravitational waves
1. Introduction
Double compact objects (NS-NS: neutron star — neutron star
systems; BH-NS: black hole — neutron star systems; BH-
BH: black hole — black hole systems) are considered to form
along two major formation channels: isolated binary evolution
in galactic fields (Tutukov & Yungelson 1993; Lipunov et al.
1997; Voss & Tauris 2003; Belczynski et al. 2016; Stevenson
et al. 2017) and dynamical evolution of stars in dense (e.g.,
globular) clusters (Portegies Zwart et al. 2004; Rodriguez et al.
2016b; Askar et al. 2017). Each of these channels has one ma-
jor variation that can be treated as a separate formation chan-
nel: homogeneous (rapid rotation) stellar evolution for isolated
binaries (Maeder 1987; Yoon & Langer 2005; de Mink et al.
2009) and nuclear cluster evolution of stars with dynamical in-
teractions (Antonini & Rasio 2016; Hoang et al. 2017; Arca-
Sedda & Capuzzo-Dolcetta 2017c). The homogeneous evolu-
tion is claimed to work only for very massive stars (& 30 M;
e.g., BH progenitors) and not for stars that can produce neutron
stars (Yoon et al. 2006; Mandel & de Mink 2016; de Mink &
Mandel 2016; Marchant et al. 2016; Eldridge & Stanway 2016;
Woosley 2016) and therefore we do not consider this channel in
context of NS-NS formation.
? chrisbelczynski@gmail.com
For the remaining three channels (classical isolated binary
evolution, globular cluster dynamics, and nuclear cluster dynam-
ics) we perform estimates of the NS-NS merger rate. The esti-
mates are done with a population synthesis method for the iso-
lated binary channel, with a Monte Carlo code that combines
dynamical interactions with population synthesis for the glob-
ular cluster channel, and with a semi-analytical extrapolation
of globular cluster results to obtain an estimate for the nuclear
cluster channel. Each estimate is self-consistent in its treatment
of stellar evolution/dynamical evolution from star formation to
NS-NS merger. However, the estimates are not fully consistent
with each other as we choose different optimistic assumptions
to increase the NS-NS merger rate within each channel. This al-
lows us to independently assess the chance that GW170817 was
formed along one of these channels, but it can not serve as a
comparison between channels.
Additionally, within each channel we use only a very lim-
ited knowledge of the effects of input physics on NS-NS merger
rates. In the case of isolated binary evolution our choice of in-
put physics is based on a study of about 20 models with vary-
ing assumptions on the common envelope, Roche lobe over-
flow (RLOF) mass and angular momentum loss, and natal
kicks (Chruslinska et al. 2018). In the case of the dynamical
channel our choice of input physics is based on previous sim-
ulations of ∼ 2000 globular cluster models with varying initial
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(mass, stellar density, and binarity) cluster parameters (Askar
et al. 2017). In the case of the nuclear cluster channel we test
two major models of nuclear cluster formation in the context of
NS-NS merger production. For each channel we present only one
model with specific input physics that tends to increase the NS-
NS merger rate. The various models that provide the basis for our
choice of input physics are only a small representation of exist-
ing possibilities within the multi-dimensional parameter space
of uncertain evolutionary and dynamical parameters. Our main
goal is to show what are the highest NS-NS merger rates that are
attainable with currently tested models and contrast them with
the LIGO/Virgo detection. Future studies will hopefully gain ex-
tra momentum to test broad regions of parameter space if we can
demonstrate here that LIGO/Virgo estimate of merger rate can-
not be reproduced with current set of models. This is all based
on the assumption that LIGO/Virgo single detection is not a sta-
tistical coincidence.
For all three channels we need as an input star forming
mass that may have potentially contributed to the formation
of GW170817 in an old host galaxy. Advanced LIGO/Virgo
was sensitive to NS-NS mergers to . 100 Mpc. The host of
GW170817, NGC 4993, is an early type galaxy with sub-solar
metallicity and with virtually no current star formation. The peak
of star formation was estimated at & 10 Gyr (with exponential
decay afterwards; Blanchard et al. (2017)), or last estimated to
take place tsf = 3–7 Gyr ago (Troja et al. 2017). For our “realis-
tic” estimates we assume all early type galaxies within 100 Mpc3
around Earth formed all stars tsf = 5 Gyr ago. We also allow for
two variations, one with tsf = 10 Gyr (“pessimistic”) and another
with tsf = 1 Gyr (“optimistic”). Using the Illustris cosmological
simulation we estimate number of local (z = 0) elliptical galaxies
to be Nell = 65, 821 within 100 Mpc3. Stellar mass contained in
these elliptical galaxies is Mell,tot = 1.1 × 1014 M (see App. A).
The Illustris cosmological simulation shows a remarkably good
agreement with the overall observed properties of galaxies at low
redshift (Vogelsberger et al. 2014b). It also provides a good rep-
resentation of the galaxy stellar mass function and the evolution
of star formation across cosmic times (Genel et al. 2014) and
a reasonable variety of galaxy morphology and colors (Snyder
et al. 2015; Torrey et al. 2015). For all estimates we assume sub-
solar metallicity Z = 0.01.
In practical terms, in our evolutionary simulations (see
Sec. 2, 3, 4) we assume that the entire considered mass (Mell,tot)
forms stars at one specific time (delta function SFR) in the past.
And then we test whether this amount of stars can form enough
NS-NS mergers to account for detection of GW170817 with the
current LIGO/Virgo sensitivity. The LIGO/Virgo estimated rate
of NS-NS mergers, based on this single detection is at the level
of 1.5 yr−1 within 100 Mpc3 (with 90% credible range: 0.3–4.7
yr−1 Abbott et al. (2017)).
2. Classical Isolated Binary Evolution
2.1. Overall Description
We use the population synthesis code StarTrack (Belczynski
et al. 2002, 2008) to evolve stars in isolation (in galactic fields)
without taking into account effects of rapid rotation to gener-
ate a population of NS-NS binaries. We start with Mell,tot =
1.1 × 1014 M stars with initial properties guided by recent ob-
servations (Sana et al. 2012) and assume 100% binary fraction.
Some of the binary configurations leading to mass transfers and
common envelope, survive through supernovae that may or may
not disrupt them to form close NS-NS binaries that merge within
Table 1. Local NS-NS merger rates [yr−1] (within 100 Mpc3).
Model pessimistic realistic optimistic
LIGO/Virgoa 0.3 1.5 4.7
classical binaries 8 × 10−3 1 × 10−2 5 × 10−2
globular clusters 2 × 10−5 5 × 10−5 5 × 10−4
nuclear clusters 7 × 10−6 1 × 10−5 1 × 10−4
Notes.
a The LIGO/Virgo estimate (1540+3200−1220 Gpc
−3 yr−1) rescaled by 0.001
to show merger rate within 100 Mpc3.
a Hubble time. We choose an evolutionary model in which we
adopt our standard input physics (see Sec. 2.2) with the addi-
tional assumptions that each stable RLOF is fully conservative
(i.e., no mass is lost from a binary) and that stars on Hertzsprung
gap are allowed to initiate and survive common envelope (CE).
This tends to increase NS-NS merger rates in classical isolated
binary evolution (Chruslinska et al. 2018). The typical formation
of a NS-NS system involves a common sequence: RLOF (from
primary), CE (from secondary), and RLOF (from secondary).
However with the above assumptions progenitors evolve typi-
cally through a different sequence: RLOF (from primary), CE
(from secondary), and CE (from secondary). Two CE events lead
to formation of very close NS-NS systems increasing merger
rates. During conservative RLOF (from the primary) the sec-
ondary star becomes more massive than in the non-conservative
case. This makes the secondary envelope, when it expands after
the main sequence, more massive and the ensuing CE leads to a
more drastic orbital decay. After the first CE, the secondary ex-
posed helium core expands and initiates a second CE (rather than
RLOF as it is more massive than in the non-conservative case)
right after the core-He burning phase (helium Hertzsprung gap).
In general, keeping more mass (conservative RLOF) in binary
systems allows NS-NS mergers to occur from lower mass stars
(increasing rates thanks to the IMF) and allowing for a more lib-
eral application and survival of CE also increases rates (Dominik
et al. 2012).
Our simulations show that it is possible to form NS-NS
mergers in old elliptical galaxies. An example is shown in Fig-
ure 1 (a detailed description of this evolutionary example is given
in Sec. 2.3). However, the predicted current merger rate of NS-
NS systems from all ellipticals within 100 Mpc3 is low: Rnsns =
0.01 yr−1 for tsf = 5 Gyr. For comparison, the LIGO/Virgo esti-
mated rate of NS-NS mergers is 1.5 yr−1 within 100 Mpc3. Our
predicted rates decrease for the older star formation (see Tab. 1).
Rates can be as high as Rnsns ∼ 0.05 yr−1 for tsf = 1 Gyr, but this
is still well below the LIGO/Virgo low estimate. Additionally, it
is very unlikely that majority of elliptical galaxies have stellar
populations as young as tsf . 1 Gyr.
The decrease of the merger rate with time is due to typi-
cally short delay times from star formation to NS-NS merger.
Initial orbital separations are observed to be steep power-laws
for massive binaries (e.g., ∝ a−1 – a−2; Kobulnicky et al. (2014);
Sana et al. (2012)). Complex evolutionary processes (mass ex-
changes, supernovae natal kicks and mass loss, CE evolution) are
bound to modify orbital separations before NS-NS formation.
However, NSs form from stars in a relatively narrow mass range
and typically NS-NS merger formation is dominated by one spe-
cific evolutionary sequence (Dominik et al. 2012). The net ef-
fect of the evolutionary processes is rather similar for most of
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ZAMS
Fig. 1. Example of the formation of a NS-NS merger similar to
GW170817 in the classical isolated binary evolution channel.
the NS-NS progenitors, decreasing initial separations to smaller
values (CE evolution) and (approximately) steepening the shape
of the orbital separation distribution (see Fig. 2). For NS-NS
orbital separations that are a steep power-law (∝ a−3) the con-
volution with the gravitational radiation emission orbital decay
timescale (∝ a4; Peters (1964)) results in a power-law delay time
distribution ∝ t−1.5. The delay time scales as a−3(da/dt)GR ∝
t−3/4d(t1/4)/dt ∝ t−1.5. For our particular model (Z = 0.01) the
majority of NS-NS mergers occur within 1 Gyr of star forma-
tion: 97% (see Fig. 5). Although the delay time distributions dif-
fer for other evolutionary models and other metallicities, they
are still steep power-laws (Dominik et al. 2012). This implies
that NS-NS mergers are typically predicted in young stellar pop-
ulations (e.g., in starbursts or spirals with the ongoing/recent star
formation), although some fraction is still to be expected even in
galaxies with no star formation (e.g., ellipticals).
2.2. Details of Calculations
Our evolutionary modeling is performed with the StarTrack
Monte Carlo population synthesis code (Belczynski et al. 2002).
In particular, we incorporate a calibrated treatment of tidal in-
teractions in close binaries (Belczynski et al. 2008), a physi-
cal measure of the common envelope (CE) binding energy (Do-
minik et al. 2012; Xu & Li 2010), and a rapid explosion su-
0 100 200 300
0 10 20 30 40 50 60
Fig. 2. Initial orbital separation of binaries that are progenitors of NS-
NS mergers; note that the distribution is close to a−1 (top). After binary
evolution (mass transfers, supernovae, CE) close NS-NS systems form
with much smaller orbital separations, and their orbital separation dis-
tribution may be approximated by a steep power-law: a−3 (bottom).
pernova model that reproduces the observed mass gap between
neutron stars and black holes (Belczynski et al. 2012). Our up-
dated compact object mass spectrum covers a wide range of
NS masses (MNS = 1.1–2.5 M; Fryer et al. (2012)). Neu-
tron stars are formed from single stars with initial mass range
Mzams = 7.4–7.9 M in electron capture supernovae and in
range Mzams = 7.9–21.0 M in core-collapse supernovae for the
sub-solar metallicity considered in our study Z = 0.01. These
ranges are subject to change due to effects of mass accretion and
loss in binary evolution. In particular, even stars as massive as
Mzams ∼ 100 M may form NSs in binaries while losing most of
their mass in case A RLOF (Belczynski & Taam 2008).
Based on our previous modeling (Chruslinska et al. 2018)
we consider one specific variation of the binary evolution input
physics that tends to increase NS-NS merger rates. We allow for
Hertzsprung gap (HG) stars to initiate and survive common en-
velope (CE) evolution. This is an optimistic assumption, since
these stars may not initiate the CE evolution, or may not sur-
vive as a binary if CE does happen (Belczynski et al. 2007;
Pavlovskii & Ivanova 2015). Note that CE is a major evolution-
ary process needed for the formation of double compact object
mergers in our evolutionary framework (Belczynski et al. 2002).
During CE we adopt a standard energy-based formalism to cal-
culate the orbital decay (Webbink 1984) and we assume that
100% of orbital energy is used to eject the envelope and en-
velope binding energy is obtained from detailed calculation of
stellar structure with partial inclusion of ionization energy (Do-
minik et al. 2012). During stable Roche lobe overflow (RLOF)
we assume that mass transfer is fully conservative and no angu-
lar momentum is lost from the binary. This particular assump-
tion allows for rather effective NS-NS binary formation. For
NS formation in electron-capture supernova (ECS; Miyaji et al.
(1980); Podsiadlowski et al. (2004)) we assume that there is no
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associated natal kick. However, some small natal kick velocity
(. 50 km s−1) may result from such explosions (Dessart et al.
2006; Jones et al. 2013; Schwab et al. 2015). We assume that
NS forming in iron core-collapse SNe receive natal kicks with
velocity components drawn from a 1-D Maxwellian distribution
with rms σ0 = 265 km s−1 (Hobbs et al. 2005). The magnitude
of the kick is further decreased by the amount of fallback esti-
mated for each NS at its formation (important only for the heav-
iest NSs; Fryer et al. (2012)). Natal kicks are assumed to have
random direction. Lowering the iron core-collapse supernovae
natal kicks leads to only moderate increase in the predicted NS-
NS merger rates (e.g., using σ = σ0/2 would increase the rates
by a factor of . 1.5; Chruslinska et al. (2017)). For massive
O/B stars that are NS progenitors we apply mass and metallicity
dependent wind mass loss (Vink et al. 2001), while for naked
helium stars we apply combination of wind rate estimates that
take into account Wolf-Rayet stellar wind clumping (Hamann
& Koesterke 1998), and wind metallicity-dependence for Wolf-
Rayet stars (∝ (Z/ Z)0.86; Vink & de Koter (2005)).
Our model (for all NS progenitors) is computed with ini-
tial distributions of orbital periods (∝ (log P)−0.55), eccentricities
(∝ e−0.42), and mass ratios (∝ q0) appropriate for massive O/B
stars (Sana et al. 2012). We adopt an initial mass function that is
close to flat for low mass stars (∝ M−1.3 for 0.08 ≤ M < 0.5 M
and ∝ M−2.2 for 0.5 ≤ M < 1.0 M) and top heavy for mas-
sive stars (∝ M−2.3 for 1.0 ≤ M ≤ 150 M), as guided by recent
observations (Bastian et al. 2010).
2.3. Example of Calculations
Example of NS-NS merger in old host galaxy formed in our
model of classical isolated binary evolution is shown in Fig-
ure 1. The evolution begins with two relatively low-mass stars
(Mzams,a = 9.76 M and Mzams,b = 8.05 M) with moderately
sub-solar (Z = 0.01) metallicity, placed on a wide (a = 378 R)
and almost circular orbit (e = 0.1).
Primary (initially more massive) star evolves off the Main
Sequence (MS) and during the subsequent Hertzsprung gap evo-
lution initiates a stable RLOF, transferring its entire H-rich enve-
lope to the secondary star. In this process the primary turns into a
low mass naked helium star while the secondary becomes a mas-
sive (rejuvenated) MS star (Ma = 2.19 M and Mb = 15.49 M;
note the mass ratio reversal). The orbit circularizes (e = 0)
and expands in response to this fully conservative mass trans-
fer (a = 1985 R). During the late stages of its evolution the
primary expands to become a helium-rich giant (R ∼ 100 R)
and loses part of its envelope in stellar winds, reducing its mass
to Ma = 2.05 M . This leads to a moderate orbital expansion
(a = 2258 R). Finally, the primary forms a low-mass oxygen-
neon-magnesium core that collapses due to electron capture pro-
cesses and leads to electron-capture supernova. We assume that
a relatively lightweight (Ma = 1.26 M) neutron star with no na-
tal kick is formed in this process. However, a supernova mass
ejection and neutrino emission (both assumed to be fully sym-
metric in ECS case) still affect the orbital parameters of the bi-
nary, increasing the orbital separation (a = 2369) and eccentric-
ity (e = 0.1). The first NS forms t = 31.4 Myr after the beginning
of its evolution on Zero Age Main Sequence (ZAMS).
As the massive secondary star evolves off MS, it expands and
is subject to significant wind mass loss. During asymptotic giant
branch (AGB) evolution its mass decreases (Mb = 12.35 M),
while its size increases enough (R ∼ 800 R) to start the sec-
ond RLOF. Tidal forces (spinning up the expanding secondary)
circularize the orbit (e = 0) and reduce the orbital separation
(a = 2045). Due to high mass ratio (of AGB secondary to pri-
mary NS) at this time and response of convective envelope of
the secondary to mass loss this RLOF is dynamically unstable
and leads to CE evolution. CE leads to severe reduction of the
orbital size (a = 46 R) of the system. The secondary is stripped
of its entire H-rich envelope and becomes a massive helium star
(Mb = 5.21 M). We allow the primary NS to accrete during CE
at 10% Bondi-Hoyle rate (MacLeod et al. 2017) and as a result
the NS increases its mass (Ma = 1.31 M). At time t = 36.5
Myr secondary star forms an iron core that collapses and the
star explodes as Type Ib supernova. This supernova results in a
significant mass of ejecta and we assume that 10% gravitational
mass is lost in neutrino emission. We calculate the secondary
NS mass (Ma = 1.39 M). The explosion also leads to a mod-
erately high natal kick (3D magnitude: 83 km s−1; either due to
asymmetric mass ejection (Janka & Mueller 1994); asymmetric
neutrino emission (Fryer & Kusenko 2006); or the combination
of both) gained by the newly formed NS and the orbit becomes
highly eccentric (a = 33 R and e = 0.96).
The orbital parameters of the resulting NS-NS binary lead to
long delay time of 5.8 Gyr (Peters 1964). Such a system might
have formed long ago in NGC 4993 and it would have merged
close to the present time, allowing for the detection of gravita-
tional waves similar to GW170817 and would be accompanied
by short GRB and kilonova. However, we note that this is not
a typical NS-NS binary found in our simulations. The majority
of merging NS-NS systems forms with short delay times (t . 1
Gyr; ∝ t−1 or somewhat steeper) and follows other formation
channels (Chruslinska et al. 2018).
3. Globular Cluster Dynamics
3.1. Overall Description
We use the MOCCA code (Giersz et al. 2013) to compute a
suite of globular cluster (GC) models with updated prescrip-
tions for binary and stellar evolution. For all NS progenitors we
have adopted a standard IMF (Kroupa 2001) and evolved stars
with initial properties (orbital periods: ∝ (log P)−0.55, eccentric-
ities: ∝ e−0.42, mass ratios: ∝ q0 as observed for massive O/B
stars (Sana et al. 2012). The difference between this IMF and the
one used for the field calculations in Sec. 2.2 is that stars between
0.5 and 1.0 M have a power-law index of −2.3 instead of −2.2
and maximum initial ZAMS mass is 100 M instead of 150 M.
The evolution of 27 GC models was simulated to 15 Gyr and the
models span a range of initial parameters including cluster mass,
size, and binary fraction (see Sec. 3.2). All GC models were ini-
tially isotropic King (1966) models with central concentration
parameter (W0) value of 6. The current Milky Way mass frac-
tion in GCs is . 0.002, and GCs were initially ∼ 5 times more
massive (Webb & Leigh 2015). We assume that the same holds
for elliptical galaxies and that the fraction of stellar mass of el-
liptical galaxies (Mell,tot) found in GCs is 0.01. This gives total
initial mass Mgc,tot = 1.1× 1012 M in all GCs found in all ellip-
ticals within 100 Mpc3. Based on observations of 48, 000 glob-
ular clusters in 7 supergiant cluster galaxies (Harris et al. 2014)
we adopt a log-normal initial GC mass distribution with mean
Mgc,ave = 1.8 × 106 M and σ = 0.5 in the range of plausible
initial GC masses: Mgc = 5× 103–5× 107 M. This corresponds
to Ngc = 6.4 × 105 GCs in ellipticals within 100 Mpc3.
We find that our GC models can dynamically produce NS-
NS binaries that will coalesce within a Hubble time (e.g., Fig. 3).
The number of coalescing NS-NS binaries in a GC cluster model
depends strongly on the initial parameters and in particular on
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Fig. 3. Example of the formation of a NS-NS merger similar to
GW170817 in the globular cluster dynamical channel.
the initial cluster mass: Nnsns = 0.001× (Mgc/ M)0.55. This rela-
tion shows that a GC with an initial mass of 7 × 105 M can
at best produce 2 NS-NS mergers. The predicted GC NS-NS
merger rate from all ellipticals within 100 Mpc3 for tsf = 5 Gyr is
Rnsns = 5 × 10−5 yr−1. Our estimated rate increases, the younger
the GC is. In particular, Rnsns = 2 × 10−5 yr−1 for tsf = 10 Gyr,
and Rnsns = 5 × 10−4 yr−1 for tsf = 1 Gyr.
Although there are differences in the initial setup and a few
prescriptions for physical processes involved in isolated binary
evolution are different, the most optimistic GC merger rates of
NS-NS binaries are ∼ 2 orders of magnitude lower than the rates
from classical isolated binary evolution (see Tab. 1). The main
reason for this is the fact that the stellar mass in GCs is much
lower (0.01Mell,tot) than in the field (Mell,tot). Although a GC
model can dynamically form many BH-BH binaries during its
dynamical evolution, the number of dynamically formed NS-NS
binaries is much lower. Initially dense GC models with large es-
cape velocities that would retain a high fraction of NS (& 0.5) are
also more likely to retain a high fraction of BHs. These retained
BHs can segregate to the center of the globular cluster, forming a
subsystem comprising of single and binary black holes that will
provide energy to the surrounding stars and support the evolution
of the GC (Breen & Heggie 2013a,b). Many recent GC sim-
ulations (Morscher et al. 2013; Sippel & Hurley 2013; Heggie
& Giersz 2014; Morscher et al. 2015; Wang et al. 2016; Peuten
et al. 2016; Rodriguez et al. 2016c; Arca Sedda et al. 2018; Askar
et al. 2018) have shown that depending on the initial GC model,
such a subsystem of BHs can survive up to a Hubble time and
dominate the central dynamics of the GC. The presence of a size-
able BH subsystem prevents segregation of NSs to the GC center
which inhibits the formation of NS-NS binaries through strong
dynamical interactions. For a moderately dense GC model (with
initial half mass radius of rh = 1.2 pc and galactic tidal radius
of rt = 60 pc), we note a peak of NS-NS mergers originating
from primordial binaries within the first Gyr of GC evolution,
then there is a long period (1–10 Gyr) of low NS-NS merger
rate (primordial NS-NS mergers dying off, while dynamical NS-
NS mergers are just beginning to appear), and finally dynamical
mergers are beginning to peak at late times (> 10 Gyr after the
star formation). This late time corresponds to the depletion of the
BH subsystem and the subsequent core collapse of the GC. NS-
NS mergers are found to take place either within GCs (∼ 35%)
or after ejection from their host GCs (∼ 65%).
3.2. Details of Calculations
Results are obtained using the MOCCA (MOnte Carlo Cluster sim-
ulAtor) code for star cluster simulations (see Giersz et al. 2013;
Hypki & Giersz 2013, and reference therein). The code treats
dynamical relaxation of stars and binary systems in spherically
symmetric star clusters using the Monte Carlo method for stel-
lar dynamics developed by Hénon (1971) which was further im-
proved by Stodolkiewicz (1986) and Giersz (1998). For strong
dynamical interactions between binary systems and binaries and
single stars, MOCCA uses the FEWBODY (Fregeau et al. 2004) for
simulating small-N gravitational dynamics. For basic stellar and
binary evolution routines, the MOCCA code uses prescriptions
from the SSE/BSE code (Hurley et al. 2000, 2002) with updates
which include formation and proper treatment of NSs via ECS
and accretion induced collapse (AIC). Other changes were also
made to SSE/BSE prescriptions (Belloni et al. submitted) based
on recent updates to stellar/binary evolution routines in the latest
version of NBODY6 1 and StarTrack.
The evolution of 27 GC models was simulated up to 15 Gyr
and these models spanned a range of initial parameters which
include cluster mass (from 6.25 × 104 M up to 1.3 × 106 M,
size (half-mass radii of 1.2 and 2.4 pc), Galactocentric radius
(2.5 kpc to 10.8 kpc), binary fraction (10% and 95%) and metal-
licity (Z = 0.01 and Z = 0.002). All models were initially non-
segregated isotropic King (1966) models with central concen-
tration parameter (W0) value of 6 and each model also has a
two component IMF given by Kroupa (2001) with stellar masses
in the range 0.08 and 100.0 M. For models with 95% initial
binaries, the semi-major axis, eccentricity and mass ratio dis-
tributions are given by Belloni et al. (2017a); Kroupa (1995),
and in particular for binaries with O/B stars Sana et al. (2012)
distributions are used. For models with 10% binaries, we used
a uniform mass ratio distribution, a uniform distribution in the
logarithm of the semi-major axis and a thermal eccentricity dis-
tribution. BH natal kicks were computed using the mass fallback
prescription of Belczynski et al. (2002). The prescription for BH
natal kicks is different than the one used for the field calcula-
tions. We do not expect that a different fallback prescription for
BHs will drastically change the results for NS-NS binaries that
originate from GCs. Having high natal kicks for BHs could be
helpful in preventing the formation of a BH subsystem which
may lead to more centrally segregated NSs, some of which may
1 A short summary of few of these updates is available at ftp://ftp.
ast.cam.ac.uk/pub/sverre/nbody6/README_SSE
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dynamically form NS-NS binaries. However, giving large na-
tal kicks to BHs would undermine results estimating BH-BH
binaries produced in GCs (Rodriguez et al. 2015, 2016b,a,d;
Askar et al. 2017; Park et al. 2017). NSs formed in iron core-
collapse were given natal kicks with a Maxwellian distribution
with σ = 100 km s−1 or zero natal kicks to have a higher NS
retention factor and for checking the maximum contribution GC
NS-NS binaries could have to merger rates. These values are sig-
nificantly lower than NS natal kick values that are typically used
in GC simulations. Based on proper motion estimates of pulsars
in our Galaxy (Hobbs et al. 2005), NS natal kicks are usually
given by a Maxwellian distribution with σ = 265 km s−1. In
all models, NSs forming via ECS or AIC were given zero na-
tal kicks at birth.
For a small sub-sample of models, additional runs were also
simulated in which common envelope evolution parameters were
changed in order check the influence of CE on NS-NS forma-
tion. We either calculated the binding energy parameter λ for the
giant in CE (by setting λ to 0.0 in BSE) or fixed the value to
be λ = 0.05. For all runs, the α parameter, which is the frac-
tion of orbital energy used to unbound the envelope was set to
1 (see Section 3.2 in Belloni et al. 2017b, for details about CE
in BSE). It is important to stress that the purpose of this study
was to obtain an order of magnitude estimate for the rate and for
this reason, a limited number of GC models with assumptions
conducive to formation of NS-NS binaries (low and zero natal
kicks) were simulated. Future works, will cover a more detailed
parameter space in combination with better constraints for the
galactic environment.
Each model was checked for the number of NS-NS mergers
that occur inside the cluster and the number of escaping NS-NS
binaries that would merge within a Hubble time. Table 2 pro-
vides a summary of the initial models that contributed to form-
ing coalescing NS-NS binaries along with the range of their final
masses and number of NS-NS binaries they produced. From the
limited number of simulations, we found 34 coalescing NS-NS
binaries. 21 of these are escaping NS-NS binaries that merge
within a Hubble time and 13 merge inside the cluster. Although,
there are not too many merging NS-NS binaries from the simu-
lated cluster models, we find that more massive clusters produce
more such binaries (see Fig. 4). While there is a large number of
single NSs in high binary fraction models with λ = 0.05 for CE
compared to models with λ = 0.0, however, there is no signif-
icant dependence of number of merging NS-NS systems on CE
parameters or metallicity. Our most massive models, with zero
NS natal kicks can produce 4 coalescing NS-NS binaries. The
number of NS-NS binaries is correlated with the initial mass of
the GC:
Nnsns = 0.001 × (Mgc/ M)0.55. (1)
The coalescence time distribution for these merging NS-NS
binaries shows a peak within 1 Gyr of cluster evolution. These
are mostly NS-NS binaries that formed from the binary evolution
of primordial binaries. Fig. 5 shows the cumulative distribution
of merger times for NS-NS binaries originating in GCs. First 1
Gyr of GC evolution produces 70% of all our NS-NS mergers.
Between 1 Gyr and 11 Gyr, we note 20% of coalescing NS-NS
binaries (nearly a uniform distribution in time). Between 11 Gyr
to 14 Gyr, a small peak is noted that contains 10% of GC NS-
NS mergers. These late merging NS-NS binaries mostly form
because of dynamical interactions of NSs and other binary sys-
tems that begin to segregate and form binaries in response to the
core collapse of the GC as its BH population starts to deplete. In
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Fig. 4. The figure shows the correlation between initial mass of GCs
and the estimated number of NS-NS binaries such a cluster could pro-
duce. The error bars represent the Poisson error in the number of NS-NS
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Fig. 5. The normalized cumulative distribution of NS-NS merger delay
time (from star formation to the merger) for classical isolated binary
evolution and globular cluster formation channels. The isolated binary
calculations formed 52,182 NS-NS mergers and there were 34 NS-NS
mergers in GC simulations.
many cases (40%), the NSs in these coalescing binary systems
form from AIC of an oxygen-neon-magnesium WD or through
mergers of WDs. Formation of such a NS is illustrated in Fig-
ure 3. The small peak in merger rate between 11 to 13 Gyr is
particularly interesting as Blanchard et al. (2017) estimated us-
ing observations and stellar spectral population synthesis models
that the star formation in NGC 4993 peaked 10 Gyr ago and that
the median merger time for GW170817 may be as high as 11.2
Gyr.
For the rate calculation presented in Sec. 3 we made many
approximations to get a first order estimate of the merger rate.
It is assumed that GCs comprise of 0.02% of the current stellar
mass in all elliptical galaxies within 100 Mpc. This assumption
is based on the observed relations between the total stellar mass
of an elliptical galaxy and the amount of mass in GCs (Harris
et al. 2015, see Fig. 8 in). We know from Milky Way GCs that
their initial mass had to be larger to account for their current
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masses. Assuming that on average, GCs were up to 5 times more
massive than their current mass Webb & Leigh (2015), we take
that 1% of all initial stellar mass in ellipticals is in GCs. We
further assume that the initial GC mass distribution follows the
observed log-normal luminosity distribution of GCs that was ob-
served by Harris et al. (2014). This log-normal luminosity dis-
tribution was used by Rodriguez et al. (2016a, 2015) to obtain a
current log-normal mass function for GCs assuming a M/L ra-
tio of 2. Taking a log-normal distribution with mean mass value
of log10(M) = 5.54 and σM = 0.52 Rodriguez et al. (2016a),
we sample GC masses and multiply each of them by a factor
of 5 to obtain a cumulative initial mass of 4.5 × 1012M. Initial
masses for GCs are then used to estimate the number of coalesc-
ing NS-NS binaries that could potentially originate from those
systems using the power-law relation shown in Equation 1. We
assume that all GCs with initial masses lower than 3 × 105M
will produce at least 1 coalescing NS-NS binary. We use the to-
tal number of coalescing NS-NS binaries produced by all GCs
and using the merger time distribution inferred from the few co-
alescing NS-NS binaries that emerged from the GC models, we
can estimate the expected number of mergers in different time
intervals.
Taking that ∼ 70% of the mergers occur within the first 1
Gyr, we estimate merger rates for NS-NS binaries originating
from GCs in elliptical galaxies in 100 Mpc to be ∼ 2 × 10−3
yr−1. For the 5 Gyr, rate calculation, we take that 6% of the total
NS-NS mergers occur around this time (4–7 Gyr). We find this
corresponds to merger rate ∼ 2 × 10−4 yr−1. For 9 to 11 Gyr,
we take that 5% of the mergers occur within this interval, we
compute the rate to be ∼ 1×10−4 yr−1. Like field calculations, the
rates decrease with aging population. However, for GC between
11 to 13 Gyr, there is an increase in the number of merging NS-
NS binaries. If we assume that 10% of the coalescing binaries
will merge between 11 to 13 Gyr, then the rate at this interval is
∼ 3 × 10−4 yr−1.
The rates presented here are based on many favorable as-
sumptions and are optimistic. While, it could be possible that the
contribution from GCs could be an order of magnitude higher if
they made up for a higher fraction of the total stellar mass in
elliptical galaxies, the natal kicks used in our model are much
lower than the typical kicks derived from observations of proper
motions of pulsars (Hobbs et al. 2005). High natal kicks for NSs
would make it more difficult to retain them in GCs and this will
significantly reduce the expected rate. It is possible to form NSs
via other channels in dense environments through dynamical in-
teractions, however, in order to do this GCs must undergo core
collapse. In models that retain a high number of BHs and NSs, a
BH subsystem can provide energy to the system preventing core
collapse. Only during the later evolution of such clusters, when
BHs have depleted do NSs start to segregate. BHs can quickly
deplete in dense models with short half-mass relaxation time.
However, initially dense GCs can form an intermediate-mass
BH (Giersz et al. 2015) which can then deplete the population
of compact objects in the cluster. In order to properly and thor-
oughly investigate the production of NS-NS binaries in GCs, a
larger set of simulations covering a larger initial parameter space
is necessary.
3.3. Example of Calculations
An example of a NS-NS binary that forms and merges inside a
GC at 11 Gyr is shown in Figure 3. The GC model in which this
merging NS-NS formed had initially 1× 106 objects with binary
fraction of 95%, metallicity Z = 0.01, initial half-mass and tidal
radii were 1.2 pc and 60 pc, respectively. NS natal kicks were
given by a Maxwellian distribution with σ = 100 km s−1, and
CE parameters were α = 1 and λ = 0.05. The merging NSs
originated from two separate initial binaries in this GC model.
The first NS formed formed as an end product of the evolu-
tion of an 11 M star (primary) that was in a wide binary sys-
tem with a 4.95 M companion. This binary had an initial semi-
major axis of 4937 R and an eccentricity of 0.17. After 31 Myr
of evolution, the primary star became a NS in a core-collapse
SN (see left side of Fig. 3). This ∼ 1.3 M NS received a natal
kick and became a single star, but was still retained in the GC.
For the next ∼ 9.5 Gyr, this NS remained in the GC and did
not undergo any strong dynamical interactions. At ∼ 9.6 Gyr,
the NS approached the GC center as the GC evolved towards
core collapse. At this time the NS undergoes a strong interaction
with a binary system comprising of two main sequence stars with
masses of 0.4 M and 0.7 M. During this binary-single interac-
tion, the 0.4 M MS star merged with the NS resulting in the
formation of a 1.7 M NS. The 0.7 M MS star then became the
binary companion of this heavy NS.
At 10.45 Gyr, this NS-MS binary interacted with an Oxygen-
Neon-Magnesium (ONeMg) WD of mass 1.3 M. This heavy
WD had formed from the evolution of a 6.9 M star (see right
side of Fig. 3). During the binary-single interaction between the
NS-MS binary and the WD, the 0.7 M MS star was exchanged
from the binary and the WD took its place resulting in the for-
mation of a NS-WD binary. At 10.60 Gyr, the NS-WD binary
interacted with a low mass MS star of 0.12 M. During this in-
teraction, the 0.12 M MS star merged with the WD forming
an AGB star. Now the NS is in a CE binary with an AGB star.
This CE binary had an orbital separation of 1252 R and eccen-
tricity e = 0.97. During the CE, mass was transferred from the
AGB onto the NS increasing the mass of the NS from 1.7 M to
1.9 M. The CE phase exposed again the 1.3 M ONeMg WD
(the AGB star envelope successfully ejected). The post-CE NS-
WD binary circularized (e = 0) during the CE phase and had
an orbital separation of 3 R. At 10.7 Gyr, this NS-WD binary
interacts with a Carbon-Oxygen (CO) WD with mass 0.68 M.
During this interaction, the ONeMg WD merges with the CO
WD resulting in the formation of a NS of 1.26 M due to accre-
tion induced collapse (AIC). We assume no natal kick in the AIC
NS formation process. Following this interaction, we get a NS-
NS binary comprising of 1.9 M and 1.26 M NSs with orbital
separation of 3.5 R and (dynamical interaction induced) eccen-
tricity of e = 0.75. This NS-NS binary merges inside the GC at
∼ 11 Gyr due to gravitational wave emission.
Most of the GC NS-NS mergers have short delay times: 70%
of the mergers have delay times . 1 Gyr (see Fig. 5). These
mergers host NSs from the evolution of massive stars that have
formed via regular (iron) core-collapse SNe. NS-NS binaries
that merge at later times (10–14 Gyr) form typically in the way
shown by the example discussed in this section. In some cases,
both the NSs in the binary form via AIC of WDs or through
ECS. Like in our example, in certain cases the mass of one of
the NSs is increased due to a prior merger with another star. The
formation of a NS from the merger of an ONeMg WD with a CO
WD could possibly produce a radio transient (Moriya 2016) or
a short gamma-ray burst (Lyutikov & Toonen 2017). The num-
ber of such binaries is too low in our simulated models to make
reliable comparisons of physical properties of GC NS-NS merg-
ers with NS-NS mergers formed in isolated binary evolution. In
future studies, we plan on increasing statistics of our GC mod-
els to deliver thorough comparison of GC and isolated binary
evolution NS-NS mergers.
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Table 2. Initial parameters for globular cluster models. All GCs were initially non-segregated King (1966) models with central concentration
parameter (W0) value of 6.
Number of Objects
(×105)
Initial Binary
Fraction
Initial Mass
(M)
Half-Mass Radius
(Tidal Radius) (pc)
Metallicity
(Z) NS Kicks
12 Gyr Mass
(M)
Number of
merging NS-NS binaries
/Number of GC Models
1 0.95 1.2 × 105 1.2(60), 2.4(60) 0.01 0.0, 100.0 3.5 − 3.8 × 104 3/4
1 0.1 6.3 × 104 1.2(60), 2.4(60) 0.01 0.0,100.0 1.8 − 2.0 × 104 1/4
5 0.95 5.9 × 105 1.2(60), 2.4(60) 0.01, 0.002CE(λ = 0, 0.05 α = 1) 0.0,100.0 2.4 − 2.5 × 105 9/6
5 0.1 3.2 × 105 1.2(60), 2.4(60) 0.01CE(λ = 0, 0.05,α = 1) 100.0 1.3 − 1.5 × 105 3/4
10 0.95 1.2 × 106 1.2(60) 0.01,0.002CE(λ = 0, 0.05,α = 1) 0,0, 100.0 5.3 − 5.4 × 105 15/7
10 0.1 6.4 × 105 1.2(60) 0.01CE(λ = 0, 0.05,α = 1) 100.0 2.9 − 3.0 × 105 3/2
4. Nuclear Cluster Dynamics
4.1. Overall Description
We use a semi-analytic approach for modeling nuclear clus-
ter (NC) formation in galactic nuclei (Arca-Sedda & Capuzzo-
Dolcetta 2014b), coupled with results on NS-NS mergers in GCs
achieved through a series of MOCCA models. We consider two ba-
sic scenarios of NC formation: dry-merger model via GCs seg-
regation and mergers into galactic centers (Tremaine et al. 1975;
Capuzzo-Dolcetta 1993; Antonini 2013) and in-situ model from
gas deposits in galactic centers (King 2003; Bekki 2007; Nayak-
shin et al. 2009). A way to disentangle the two processes is to
examine observational NC-host galaxy connections (Côté et al.
2006; Graham 2012; Turner et al. 2012).
Taking advantage of semi-analytic techniques, several au-
thors have shown that the dry-merger scenario provides theoreti-
cal correlation laws in good agreement with observations (An-
tonini 2013; Arca-Sedda & Capuzzo-Dolcetta 2014a; Gnedin
et al. 2014). Moreover, a number of studies provided de-
tailed numerical modeling of NC formation through dry-merger
mechanisms in galaxies mass range typical of dwarf galaxies
(Arca-Sedda & Capuzzo-Dolcetta 2016, 2017c), Milky Way–
like galaxies (Antonini & Perets 2012; Arca-Sedda et al. 2015,
2017; Tsatsi et al. 2017), and massive ellipticals (Arca-Sedda
& Capuzzo-Dolcetta 2017b). In particular, the dry-merger sce-
nario provides an excellent explanation for the observational
dearth of NCs in the galaxy mass range Mg > 1011 M, which
is observed when the expected supermassive BH mass over-
takes the NC mass (Neumayer & Walcher 2012; Arca-Sedda &
Capuzzo-Dolcetta 2014a). Indeed, it has been shown that above
this galaxy mass threshold the supermassive BH tidal force is
sufficient to disrupt the infalling clusters and prevent the NC for-
mation (Antonini 2013; Arca-Sedda & Capuzzo-Dolcetta 2014a;
Arca-Sedda et al. 2016; Arca-Sedda & Capuzzo-Dolcetta 2017b;
Antonini et al. 2015).
It has been shown that the relation connecting the NC mass,
MNC, and the host galaxy velocity, σg, dispersion was similar to
the MNC − σg relation well known for supermassive BHs (Fer-
rarese et al. 2006). However, later studies based on database re-
vealed that the NC MNC − σg relation is much shallower (Leigh
et al. 2012; Scott & Graham 2013; Georgiev et al. 2016), thus
suggesting that the processes at play for NC and supermas-
sive BH formation are likely unrelated, at least in part. The ob-
served MNC−σg relation represents an unique tool to disentangle
the possible NC formation scenarios. Moreover, as pointed out
by Rossa et al. (2006), NCs are characterized by a complex star
formation history, being characterized by an old stellar popula-
tion with ages ∼ 10 Gyr and a younger population, with esti-
mated ages below 100 Myr. This feature is also observed in the
Milky Way NC, possibly suggesting that several bursts of in-situ
star formation occurred over its entire lifetime (Baumgardt et al.
2018).
Although the dry-merger scenario is proven well at explain-
ing the observed NC scaling relations, it is quite difficult to ex-
plain NC complex star formation history, which is instead well
motivated under the in-situ scenario. In fact, it is generally be-
lieved that both processes are at play during NC formation, al-
though it is rather difficult to determine which one dominates.
In the dry merger model we assume that fa = 0.7 of el-
liptical galaxies have NCs, that fb = 0.01 of the total galaxy
mass is found in GCs and that only some fraction ( fc) of GCs
contribute to the formation of NCs. This gives the total stellar
mass in NCs found in all elliptical galaxies within 100 Mpc:
Mnc,tot = fa fb fc Mell,tot. Each elliptical galaxy is populated with
GCs with masses as given in Sec. 3 and the number of GCs per
host galaxy is proportional to host mass. We examine which GCs
have a dynamical friction timescale shorter than the tidal disrup-
tion timescale in a given host galaxy, which is the typical time
over which galactic tidal forces drive the GC dissolution. Each
such GC is assumed to contribute its mass (and NS-NS merg-
ers given by MOCCA simulations) to the host galaxy NC. We find
wide range of NC masses: Mnc = 104–108 M with a typical
mass of Mnc,ave = 107 M.
We assume that elliptical galaxy masses are distributed in
the range Mell = 108–1012 M according to a Schechter function
with typical parameters drawn according to observations of the
local Universe (Conselice et al. 2016a). Varying the slope of the
mass density profile and effective galaxy radius and averaging
over the galaxy mass range, characterized by a mean mass of
elliptical galaxy (Mell,ave = 1.6 × 109 M), we get fc = 0.17 (see
Sec. 4.2).
NC formation occurs on a typically longer timescale (∼ 20–
200 Myr: Arca-Sedda et al. (2015)) than formation of NS in
core collapse (∼ 10–50 Myr), but on a shorter timescale than
NS-NS merger dynamical formation (> 1 Gyr). Therefore, if
NS was subject to a strong natal kick and if it was removed
from GC it does not contribute to the calculations of NC NS-NS
merger rates. However, dynamical formation of NS-NS merg-
ers is enhanced by high NC mass: fdyn = (Mnc,ave/Mgc,ave)0.55 =
(107/1.8 × 106)0.55 = 2.6, where we have used average GC and
NC mass in our simulations. The NC NS-NS merger rate is then:
Rnsns,nc = fdyn
Mnc,tot
Mgc,tot
Rnsns,gc = fdyn fa fcRnsns,gc = 0.31Rnsns,gc. (2)
NC NS-NS merger rate is very small: 6×10−5 yr−1 for tsf = 5 Gyr
and this is due to the fact that only a small fraction ( fc = 0.17)
of GCs contribute to the formation of a typical NC.
Article number, page 8 of 13
K. Belczynski et al.: The origin of the first neutron star — neutron star merger
Fig. 6. Example of the formation of a NS-NS merger similar to
GW170817 in a nuclear cluster.
In the in-situ model, we assume that NC masses are the same
as in the dry-merger model. The only boost to NS-NS merger
rate in in-situ model comes then from higher retention fraction
of NSs. The typical retention fraction of NSs formed in super-
novae (subject to a potential natal kick) is fns ∼ 0.3 for our GC
assumptions (natal kicks with σ = 100 km s−1 for core-collapse
supernovae and 0 km s−1 for electron capture supernovae). Note
that a fraction: faic ∼ 0.5 of NSs form from white dwarfs in GCs
without a natal kick (either in white dwarf mergers or during ac-
cretion induced collapse during mass transfer in close binary).
Therefore, if we allow all NSs remain in NC the rate increase
may be estimated as (1 − fns)(1 − faic) = 0.35. It is expected
that some NCs form via dry-mergers and some in-situ. Even if
the majority of mergers from in-situ, the rate increase to the rate
estimate given by Eq. 2 is negligible in the context of our study
(. 35%) and we neglect it in the values reported in Table 1.
4.2. Details of Calculations
We made use of the semi-analytic approach described by Arca-
Sedda & Capuzzo-Dolcetta (2014b) to calculate the NC masses
as a function of their host galaxy mass. To do this, we created
2750 galaxy models at varying galaxy total mass, inner slope of
the density profile and galaxy effective radius.
In order to model the galaxy we used the Dehnen (1993) fam-
ily of potential-density pairs, whose density profile is given by:
ρ(r) =
(3 − γ)Mg
4pir3g
(
r
rg
)−γ (
1 +
r
rg
)−4+γ
, (3)
where γ is the inner slope of the galaxy density profile, Mg is the
galaxy total mass and rg its length scale which is connected to
the galaxy effective radius through the relation
Reff =
3
4
rg
21/(3−γ) − 1 . (4)
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Fig. 7. GC mass distribution in one of the smallest (Mg ∼ 3.2×108 M,
grey boxes) and largest (Mg = 5 × 1011 M, red boxes) galaxy models.
For each galaxy model we selected γ randomly between 0
and 1, in order to consider both cored and cuspy systems. The
effective radius is varied according to the following relation
Re = Ag
(
Mg
108 M
)Bg
, (5)
with Ag = 0.706 ± 0.005 kpc and Bg = 0.165 ± 0.001. This
produces effective radii in quite good agreement with observed
galaxies in terms of effective radii and velocity dispersions, as
shown in Arca-Sedda & Capuzzo-Dolcetta (2014b).
Once the galaxy model has been set, we populate it with
GCs, provided that the GC system total mass is
Mgc,tot = 0.01Mg. (6)
Our assumption relies upon the recent discussion arose by Webb
& Leigh (2015), which suggested that Galactic GCs were char-
acterized at their birth by an initial mass at most ∼ 4.5 times their
current values, provided that their current Mgc,tot is . 0.002Mg.
The GC masses are kept according to a log-normal distribu-
tion with a mean value that depends on the galaxy mass through
the relation
Mgc,ave = 2.5 × 103 M
(
5 − log Mg
108 M
)
× (7)
×
1 + 0.08 ( Mg108 M
)0.75 (
8 + log
Mg
108 M
) .
This equation allows modeling the GC mass distribution while
taking into account the fact that smaller galaxies host, on aver-
age, smaller GCs. This choice leads to Mgc,ave ∼ 2.3 × 104 M
for galaxies with Mg = 108 M, and Mgc,ave ' 1.6−1.8×106 M
for galaxies in the mass range 1011 − 1012 M.
A further constrain that we required in the GC sampling pro-
cess is that their mass density distribution follows the same mass
density profile as this of the host galaxy. In principle, there is
no reason for assuming that the GC population formed with a
different distribution compared to galactic stars. We note that
our choice of GC system density profile leads to very good
agreement with observed NCs (Arca-Sedda & Capuzzo-Dolcetta
2014b).
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For each GC in our galaxy model, we calculated two typical
time-scales: the dynamical friction time-scale tdf , which repre-
sent the time over which the GC orbitally segregate to the galac-
tic center, and the tidal disruption time ttd, i.e. the time over
which the galactic field drives the GC dissolution. The tdf has
been calculated according to the approach described in Arca-
Sedda & Capuzzo-Dolcetta (2014a), which have shown through
theoretical arguments and numerical simulations how tdf is con-
nected to the galactic properties and the GC orbit:
tdf = t0g(egc, γ)
(
Mgc
Mg
)−0.67 ( rgc
rg
)1.74
, (8)
where t0 is a normalization factor, g(egc, γ) is a function con-
necting the eccentricity of the GC orbit in the galaxy and the
galaxy density slope, and rgc the GC orbital radius. This for-
mula showed a remarkably good agreement with N-body sim-
ulations tailored to dwarf galaxies (Arca-Sedda et al. 2016;
Arca-Sedda & Capuzzo-Dolcetta 2017a), normal galaxies (Arca-
Sedda et al. 2015; Petts et al. 2015, 2016; Arca-Sedda et al.
2017) and massive ellipticals (Arca-Sedda & Capuzzo-Dolcetta
2017b, 2016). The tidal disruption time is calculated as the mini-
mum between the two-body relaxation dissolution time (Lamers
et al. 2010) and the time over which the GC dissolves due to re-
peated passage at pericenter within the host galaxy (Arca-Sedda
& Capuzzo-Dolcetta 2014b).
Our approach leads to a clear correlation connecting the NC
and the galaxy stellar masses, which is given by
log
Mnc
M
= Anc log
M∗
M
+ Bnc, (9)
with Anc = 1.000 ± 0.005 and Bnc = −3.17 ± 0.05, very sim-
ilar to the most recent observational correlations (Scott & Gra-
ham 2013; Georgiev et al. 2016; Capuzzo-Dolcetta & Tosta e
Melo 2017) and to earlier theoretical estimates (Arca-Sedda &
Capuzzo-Dolcetta 2014b; Gnedin et al. 2014).
A crucial quantity needed to calculate the NS-NS merger rate
for NCs is the fraction of the total GCs population mass that
ends up in the NC, fc(Mg) = Mnc/Mgc,tot. Figure 8 shows how
this quantity varies at varying galaxy stellar mass. To convert
our total galaxy masses into galaxy stellar masses we used the
relation (Gallazzi et al. 2006)
log M∗ = (0.783 ± 0.019) log Mg + 2.19. (10)
As discussed above, our approach relies upon several spe-
cific assumptions that may affect the calculation of fc. In order
to partly alleviate this issue, we assume a 30% error in calcu-
lating fc(M∗), and note that its relation is enclosed within two
power-laws
fc(M∗) = αmax,minM
β
∗ , (11)
with β = −0.5, αmax = 1.7 × 10−2 and αmin = 0.55 × 10−2. In
the following, we make use of these two limiting quantities to
calculate the average fc(M∗) value in the local Universe.
Assuming that galaxies in the local Universe are distributed
according to some mass function φg(M∗), we can average fc(M∗)
over the galaxy population:
〈 fc〉 =
∫ M∗2
M∗1
fc(M∗)φg(M∗)dM∗∫ M∗2
M∗1
φg(M∗)dM∗
, (12)
with M∗1 = 108 M and M∗2 = 1012 M being the minimum
and maximum considered galaxy mass. A typical galaxy mass
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Fig. 8. NC mass normalized to the total GCs mass, as a function of the
stellar galaxy mass. The color coded map shows the mean mass of GCs
that contributed to the NC assembly.
distribution is the Schechter (1976) mass function, according to
which φg(M∗) ∝ (M∗/Ms)1+A exp(−M∗/Ms). We used the param-
eters provided by Conselice et al. (2016b) for galaxies at redshift
z < 0.2: A = −1.19 and the mass scale log Ms = 11.20. The so-
lution of the Equation above is given by
〈 fc,i〉 = αi Γ(1 + A + β, µ∗2) − Γ(1 + A + β, µ∗1)
Γ(1 + A, µ∗2) − Γ(1 + A, µ∗1) , (13)
where the subscript i refers either to the maximum or minimum
value of α, Γ(a, b) is the incomplete gamma function and µ∗i =
M∗i/Ms. Averaging over the maximum and minimum value for
α we get
〈 fc〉 = 0.5 (〈 fc,max〉 + 〈 fc,min〉) = 0.17 (14)
This implies that only ∼ 17% of the whole GCs initial population
contribute to the NC formation in the dry-merger model, making
such channel for NS-NS merger the least effective among the
other proposed here. Note that our results depend on the choice
of the initial GC mass function, which relies upon the presently
observed GC distribution, in and out the Galaxy. A wider mass
function may possibly increase the number of GCs falling into
the growing NC, leading fc to increase. On the other hand, NCs
are the densest stellar systems observed in the Universe, and this
may prevent NS-NS formation via dynamical interactions, or at
least cause delay, by the presence of a central dense BH subsys-
tem or supermassive BH seed.
4.3. Example of Calculation
The NGC 4993 galaxy has a stellar mass M∗ = 4.4 × 1010 M
(Blanchard et al. 2017); the corresponding dynamical mass can
be calculated using Equation 10. Hence, according to Eq. 6 the
initial mass in GC will be
Mgc,tot = 0.01Mg = 3.3 × 108M, (15)
while the GC initial average mass is given by Eq. 7
Mgc,ave = 4.1 × 105M, (16)
thus implying a number of GCs ending up in the galaxy nuclear
star cluster
Ngc,NSC = fcMgc,tot/Mgc,ave ' 89 (17)
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Using Eq. 1 we can calculate the total number of potential
NS-NS mergers in this galaxy as
Nnsns =
(
0.001M0.55gc,ave
)
Ngc,NSC = 108. (18)
As discussed in Sec. 4.2, ∼ 70% of these 108 NS-NS binaries
will merge in the first 1 Gyr of the nuclear star cluster lifetime,
∼ 20% in the time interval 1-11 Gyr and ∼ 10% in the time range
11-14 Gyr.
5. Discussion and Conclusion
Theoretically obtained NS-NS merger rates may be compared
with several empirically based estimates. For example, our ear-
lier analysis of the isolated binary evolution channel shows per-
fect agreement with the observed Milky Way population of NS-
NS systems, and acceptable agreement with short Gamma-ray
burst rate estimates (Chruslinska et al. 2018)2. Inferences on
the NS-NS merger rate can be also made from measurements
of metal enrichment in local Universe (Côté et al. 2017). All
these empirically based estimates are subject to large uncer-
tainties. Pulsar beaming and luminosity function limit estimates
of Galactic NS-NS merger rates, beaming and luminosity func-
tion and an unknown contribution of BH-NS mergers limit short
Gamma-ray burst NS-NS merger rates, and merger ejection mass
along with an unknown contribution of supernovae limit the in-
ferences from r-process element observations. In this study we
limit our Discussion to comparison of theoretically estimated
NS-NS merger rates with gravitational wave data only. This da-
tum (the LIGO/Virgo single detection) is currently the only di-
rect measure of NS-NS merger rate.
Our numerical simulations indicate that the formation of NS-
NS mergers in old stellar populations, although possible, is un-
likely to recover the merger rate inferred from the detection of
GW170817. This is surprising as the three tested NS-NS forma-
tion mechanisms: classical isolated binary evolution, dynamical
evolution in globular clusters, and nuclear cluster formation sce-
narios can reproduce the gravitational wave estimate of BH-BH
merger rate.
It is noted that NGC 4993 shows some shell structures and
dust lanes that may be possibly indicative of a recent merger
(200–400 Myr ago) with another smaller galaxy (Palmese et al.
2017; Ebrová & Bílek 2018). If there was a recent burst of mas-
sive star formation in NGC 4993 induced by galaxy merger, it is
possible that GW170817 was formed in such an event and our
analysis and conclusions do not hold. Our results and the rest of
our discussion are based on the assumption that late type galax-
ies do not experience recent vigorous (. 1 Gyr) star formation.
It can not be excluded that GW170817 is a BH-NS merger
as the primary compact object (1.36–2.26 M: LIGO/Virgo 90%
credible limit; Abbott et al. (2017)) may be a BH. Detailed ex-
amination of BH-NS formation models is desired for all three
mechanisms. However, the existing models do not indicate that
changing the identity of GW170817 could solve the tension. For
example, in the classical binary evolution the local (z ≈ 0) BH-
NS merger rate density is smaller (or at best comparable) to the
NS-NS rates (Belczynski et al. 2017). The rest of the discussion
is based on the assumption that GW170817 is a NS-NS merger.
2 However note that the optimistic model adopted here tends to over-
estimate rates of Galactic NS-NS systems, while being consistent with
short Gamma-ray burst rates; see Chruslinska et al. (2018) Fig.6 and
Fig.7: model J5 submodel B.
It is possible that the LIGO/Virgo detection of GW170817
is not a statistical coincidence, but that finding the first NS-
NS merger in an old host galaxy is. In such a case iso-
lated classical binary evolution can marginally explain the
LIGO/Virgo observation. Population synthesis results show
that if the entire star formation (in old and young galax-
ies combined) is considered, then theoretical rates may reach
as high as 600 Gpc−3 yr−1 (Chruslinska et al. 2018) or
400 Gpc−3 yr−1 (Kruckow et al. 2018) and thus are consistent
with LIGO/Virgo lower 90% credible limit of 320 Gpc−3 yr−1. If
this is the case, then future LIGO/Virgo detections will show
prevalence of NS-NS merger detections associated with host
galaxies with ongoing (or recent) star formation. The rest of
the discussion is based on the assumption that association of
GW170817 with old host galaxy is not a statistical coincidence.
It cannot be excluded that the actual NS-NS merger
rate is outside of the LIGO/Virgo 90% credible limit
(1540+3200−1220 Gpc
−3 yr−1), but the detection was made nevertheless
(i.e., detection itself is a statistical coincidence). In this case our
models indicate that GW170817 was most likely formed in old
host galaxy through the classical isolated binary evolution, that
offers (& 100 times) higher NS-NS merger rate than the dynam-
ical formation scenarios in globular and nuclear clusters. The
observational run O3 (2018/19) should clarify this open issue
as the increased LIGO/Virgo sensitivity and new NS-NS merger
detections (or lack thereof) will place a better constraint on the
NS-NS merger rate.
However, if the NS-NS merger rate turns out to be as
high as the most likely value of the LIGO/Virgo estimate
(1540 Gpc−3 yr−1) it will indicate that our current understand-
ing of formation process of NS-NS mergers in the three con-
sidered scenarios is not complete. Either the initial properties of
binaries were different in the past when stars were forming in
NGC 4993, or the evolutionary processes that lead to the NS-NS
merger formation are not yet understood, or possibly a solution
exists within current input physics and associated uncertainties,
but was not yet found within the multi-dimensional parameter
space. All these possibilities will need to be assessed and tested
to inform our concepts of physics as derived from gravitational
wave observations.
If all the above fails, other non-standard NS-NS merger for-
mation scenarios must be considered and developed.
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Appendix A: The Illustris Simulation
Among all the galaxies in the local Universe, only 1/3 is found
in ellipticals (Conselice et al. 2016a) with ages spanning the
range 1 − 10 Gyr (Gallazzi et al. 2006), a feature that is repre-
sented reasonably well in the latest generation of cosmological
simulations, such as the Illustris simulation (Vogelsberger et al.
2014b; Snyder et al. 2015), although recently it has been argued
that it overproduces disc galaxies with stellar mass in the range
1010 − 1011 M (Bottrell et al. 2017).
There is some evidence that the stellar mass in low star for-
mation rate galaxies is ∼ 52% the total stellar mass in galaxies
(Moustakas et al. 2013; Vogelsberger et al. 2014a). If we assume
that ellipticals dominate the population of galaxies with little or
no star formation, then our adopted estimate of stellar mass con-
tained in ellipticals (1/3) may change to 1/2. This would slightly
(by a factor of 1.5) increase all the NS-NS merger rates calcu-
lated in our study. However, such a change has no influence on
our conclusions.
We take advantage of the Illustris-1 simulation which mod-
eled the evolution of a cosmological cube with side L = 106.5
Mpc using 1.8 × 1010 particles for representing baryonic and
dark matter and full physics prescriptions as described in Vo-
gelsberger et al. (2014b).
We calculated the total number of objects having a stellar
mass above 106 M at redshift z = 0, in order to take into account
all the bounded stellar systems available in the simulation. This
led to a total number of objects NIll = 238, 525 with total stellar
mass MIll = 3.9 × 1014 M.
Then, we rescaled the total number and stellar mass of all the
elliptical galaxies (1/3 of the total) contained within 100 Mpc3,
scaling the quantities above as:
Nell,tot =
1
3
(
100
106.5
)3
NIll = 65, 821 (A.1)
Mell,tot =
1
3
(
100
106.5
)3
MIll = 1.1 × 1014 M. (A.2)
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